Introduction
The majority of secretory proteins are known to be exported from the ER by COP II-coated vesicles (Lord et al., 2013) . These COP II carriers are formed at ER exit sites upon activation of the small GTPase Sar1 by a protein called Sec12 (Nakańo and Muramatsu, 1989; Barlowe and Schekman, 1993) . The activation of Sar1 leads to recruitment of the inner-coat proteins Sec23/24 followed by attachment of the outer-coat proteins Sec13/31 and GTP hydrolysis to generate a small coated vesicle of 60-to 90-nm diameter (Kuehn et al., 1998; Matsuoka et al., 1998; Stagg et al., 2006) . However, several secreted cargoes, including procollagens, pre-chylomicrons, and large pre-very low-density lipoproteins (pre-VLDLs), are too big to fit into these vesicles (Fromme and Schekman, 2005; Malhotra and Erlmann, 2011; . How are these bulky cargoes exported from the ER?
The identification of TAN GO1 as a transmembrane receptor for procollagen VII at ER exit sites (Saito et al., 2009) has begun to shed light on the mechanism by which big cargoes exit the ER. The binding of TAN GO1 to procollagen VII in the lumen of the ER requires TAN GO1's SH3-like domain. The proline-rich domain of TAN GO1 interacts with COP IIcoat components Sec23/24 on the cytoplasmic side of the ER (Saito et al., 2009 (Saito et al., , 2011 . TAN GO1's TEER domain (a coiledcoil-containing region from residues 1,214-1,396 aa) recruits ER-Golgi intermediate compartment (ERG IC) membranes to procollagen-enriched domains at the ER followed by their subsequent fusion to generate an export pathway for procollagens (Santos et al., 2015) . The second coiled-coil domain of TAN GO1 binds a protein called cTAGE5 on the cytoplasmic side of the ER (Saito et al., 2011) . cTAGE5, unlike TAN GO1, lacks a lumenal domain and therefore cannot bind to cargoes. Nonetheless, the first coiled-coil domain of cTAGE5 binds and recruits Sec12, which likely increases the recruitment of the inner COP II-coat proteins Sec23/24. The increase in the amount of outer-coat proteins Sec13/31 commensurate with the increased pool of Sec23/24 could be mediated by the ubiquitination of Sec31 by the ubiquitin ligase KLHL12 (Jin et al., 2012) . In addition, a protein called Sedlin has been proposed to modulate the size of nascent vesicles by regulating Sar1-mediated COP II-coat dynamics (Venditti et al., 2012) . Altogether, the functions of TAN GO1, cTAGE5, KLHL12, and Sedlin provide a means for cells to export bulky procollagens from the ER .
But how are bulky lipid particles such as pre-chylomicrons and pre-VLDLs exported from the ER? Chylomicrons and large VLDLs are big particles of ∼150-500 nm and up to 90-nm diameter, respectively, that are mainly composed of Procollagens, pre-chylomicrons, and pre-very low-density lipoproteins (pre-VLDLs) are too big to fit into conventional COP II-coated vesicles, so how are these bulky cargoes exported from the endoplasmic reticulum (ER)? We have shown that TAN GO1 located at the ER exit site is necessary for procollagen export. We report a role for TAN GO1 and TAN GO1-like (TALI), a chimeric protein resulting from fusion of MIA2 and cTAGE5 gene products, in the export of pre-chylomicrons and pre-VLDLs from the ER. TAN GO1 binds TALI, and both interact with apolipoprotein B (ApoB) and are necessary for the recruitment of ApoB-containing lipid particles to ER exit sites for their subsequent export. Although export of ApoB requires the function of both TAN GO1 and TALI, the export of procollagen XII by the same cells requires only TAN GO1. These findings reveal a general role for TAN GO1 in the export of bulky cargoes from the ER and identify a specific requirement for TALI in assisting TAN GO1 to export bulky lipid particles.
TAN GO1 and Mia2/cTAGE5 (TALI) cooperate to export bulky pre-chylomicrons/VLDLs from the endoplasmic reticulum triglycerides, but also contain phospholipids and cholesterol (Ruf and Gould, 1999; Zheng et al., 2006; Nakajima et al., 2014) . The lipid core of these particles is decorated with apolipoprotein B (ApoB). Assembly of pre-chylomicrons and pre-VLDLs at the ER is regulated by a chaperone called microsomal triglyceride transfer protein (MTP), which initiates the incorporation of ApoB into lipids and plays a role in ApoB folding and stability (Jiang et al., 2008; Iqbal and Hussain, 2009 ). These lipid particles are secreted by cells of the liver and small intestine, and a defect in their export impairs the homeostasis of cholesterol and triglycerides.
A fusion transcript composed of exons from cTAGE5 and exons from its immediate distal gene MIA2 was identified in mice (Pitman et al., 2011) . Because cTAGE5 and the cytosolic part of TAN GO1 contain homologous domains that are organized in the same order; and because MIA2 has an SH3-like domain, the resulting chimeric cTAGE5/MIA2 is a novel protein that exhibits extensive structural homology with TAN GO1 (Fig. 1 A; Pitman et al., 2011) . Like TAN GO1, chimeric cTAGE5/MIA2 localizes to ER exit sites, and a mutation in its SH3-like domain has been found to correlate with a systemic reduction in the plasma levels of cholesterol and triglycerides in mice, indicating a possible role for this ER protein in the metabolism of cholesterol (Pitman et al., 2011) . In addition, many genome-wide association studies have shown that the single-nucleotide polymorphism rs17465637, located on chromosome 1q41 in an intronic region of TAN GO1, confers increased risk of coronary artery disease and atherosclerosis (Roder et al., 2011; García-Bermúdez et al., 2012; Li et al., 2013) . Several studies have identified circulating chylomicrons and VLDLs as a major contributor to the accumulation of atherosclerotic plaque. Therefore, an association between their secretion and clearance and the development of atherosclerosis, although mechanistically not clear, is currently well accepted (Pal et al., 2003; Proctor and Mamo, 2003; Nakano et al., 2008; Tomkin and Owens, 2012) .
Because there is no known receptor for the exit of bulky ApoB-containing particles, such as pre-chylomicrons and preVLDLs, we tested whether their export from the ER required TAN GO1 and chimeric cTAGE5/MIA2, which we named TALI (for TAN GO1-like). Our data show that loss of TAN GO1 or TALI in intestinal Caco-2 (human epithelial colorectal adenocarcinoma) and liver HepG2 (human hepatocellular carcinoma) cells, which produce and secrete chylomicrons and VLDLs, respectively (van Greevenbroek et al., 2000; Meex et al., 2011; Jammart et al., 2013; Nauli et al., 2014) , reduces ApoB secretion. We further show that TAN GO1 interacts with TALI, and both interact with ApoB, to recruit bulky lipid particles to ER exit sites. Loss of either TAN GO1 or TALI leads to an accumulation of ApoB in the ER that is eventually subjected to autophagy.
Results

TALI is a novel human protein that is structurally similar to TAN GO1
A fusion transcript composed of exons from cTAGE5 and exons from MIA2 was previously identified in mice (Pitman et al., 2011) . Because the resulting protein is structurally similar to TAN GO1, we first assessed whether such a transcript also occurs in humans. We started by extracting total RNA from Caco-2 cells and then produced cDNA by RT-PCR. With primers complementary to the initial N-terminal region of MIA2 and to the end of the C-terminal region of cTAGE5, we obtained a DNA fragment that, upon sequencing, was revealed to correspond to a fusion of the Ensembl-annotated transcripts MIA2-001 and cTAGE5-001 (Yates et al., 2016) . This fusion protein, henceforth referred to as TALI, carries the signal sequence from MIA2 but not of cTAGE5, because its transcript does not include exon 1 from the latter. Importantly, the transcript we identified for TALI contains exon 5 from MIA2, which is not the case for the only Ensembl-annotated MIA2/cTAGE5 fusion transcript RP11-407N17.3-001 (ENST00000553728) in humans (Yates et al., 2016) . Interestingly, computational analysis of the sequence of TALI (unpublished data) revealed that, in addition to the transmembrane domain of cTAGE5, the fusion between exon 6 of MIA2 and exon 2 of cTAGE5 generates a second membrane-insertion sequence, which results in a transmembrane portion that is remarkably similar to the transmembrane regions of TAN GO1 (Fig. 1 A) . Pitman et al. (2011) reported that a mutation in the SH3-like domain of the mouse orthologue MIA2/cTAGE5 chimera caused a reduction in cholesterol and Figure 1 . Chimeric Mia2/cTAGE5 (TALI) is structurally similar to TAN GO1 and is expressed in the small intestine and liver, together with TAN GO1 and ApoB. (A) Scheme depicting the domains of full-length TAN GO1, cTAGE5, Mia2, and TALI. Each domain corresponds to the stretch of amino acid sequence represented by the numbers above it. (B) cDNAs from different human tissues screened for expression of TAN GO1, TALI, ApoB, or the housekeeping gene GAP DH. Lu, lung; Le, leukocyte; Ov, ovary; Te, testis; S.I, small intestine; Co, colon; Sp, spleen; Th, thymus; Br, brain; He, heart; S.M, skeletal muscle; Pl, placenta; Pa, pancreas; Ki, kidney; Li, liver; Pr, prostate. The rows corresponding to the small intestine and liver profiles are highlighted; n = 3.
triglyceride levels in the plasma of mice. Because TAN GO1 is required for bulky procollagen export from the ER and has been associated with cardiovascular disease, and because a mutation in the mouse orthologue of TALI impairs cholesterol homeostasis, we hypothesized that TAN GO1 and/or TALI is required for the export of bulky ApoB-containing particles from the ER.
We first screened a panel of cDNAs from 16 human tissues to assess the expression profiles of TAN GO1, TALI, and ApoB. Although expression of TAN GO1 was apparent in all tissues tested, the expression of TALI was specific to lung, testis, small intestine, colon, pancreas, kidney, liver, and prostate ( Fig. 1 B) . Interestingly, both TAN GO1 and TALI are expressed in small intestine and liver, the tissues that produce and secrete ApoB-containing chylomicrons and VLDLs, respectively (Fig. 1 B) .
TAN GO1 and TALI are required for secretion of ApoB-containing lipid particles
We next tested whether TAN GO1 and TALI were required for secretion of ApoB, a protein that forms the shell of chylomicrons and VLDLs. We generated Caco-2 cell lines in which endogenous TAN GO1 and TALI were deleted by the clustered regularly interspaced short palindromic repeat (CRI SPR)/Cas9 system (Cong et al., 2013; Mali et al., 2013) . Western blots confirmed the complete absence of TAN GO1 and TALI in Caco-2 cells by the CRI SPR/Cas9 method. Importantly, the TALI guide RNAs (gRNAs) were designed to target the sequence corresponding to MIA2, and so cTAGE5 expression was not affected (Fig. 2 A) . Although Caco-2 cells are derived from a colon carcinoma, upon polarization they are morphologically and functionally similar to the enterocytes of the small intestine and thus a well-established system to study the form and function of enterocytes. To induce the secretion of chylomicrons, we seeded parental and CRI SPR-cells (TAN GO1-knockout [KO] and TALI-KO), and allowed them to differentiate for 21 d. At that time, the cells were washed and incubated with fresh FCS-free medium containing oleic acid (1.5 mM; Fig. 2 B) . After 5 h, we collected the medium and, after TCA precipitation, visualized secreted proteins on a 6% SDS-PAGE gel by silver staining. A protein corresponding to a size greater than 300 kD was present in the medium of parental cells but was substantially reduced in the medium of both TAN GO1-KO and TALI-KO cells (Fig. 2 C) . The band from the parental sample was excised from the gel and identified by mass spectrometric analysis. This procedure revealed 30 peptides that were specific for ApoB (Fig. 2 D) , which indicated a role for TAN GO1 and TALI in the secretion of ApoB-containing particles. To confirm the results obtained by mass spectrometry, we repeated the secretion-inducing procedure described earlier, but this time we probed the supernatants of parental, TAN GO1-KO, and TALI-KO cells by Western blotting with an anti-ApoB antibody. As expected, knockout of TAN GO1 and TALI led to a block in secretion of ApoB to ∼44% and 82%, respectively, compared with the parental cells (Fig. 2, E and F) . On the other hand, secretion of apoE, a lipoprotein that associates with chylomicrons Figure 2 . Knockout of TAN GO1 or TALI impairs secretion of ApoB-containing lipid particles. (A) Western blot of differentiated parental and TAN GO1-and TALI-CRI SPR KO Caco-2 cells (TAN GO1-KO and TALI-KO). Protein lysates were separated on a 6% SDS-PAGE, transferred onto a nitrocellulose membrane, and probed by Western blotting with anti-TAN GO1 or anti-cTAGE5 antibodies; n = 3. (B) Scheme depicting the methodology used to differentiate and induce chylomicron secretion in Caco-2 cells. (C) Silverstained gel showing proteins secreted by parental, TAN GO1-KO, and TALI-KO differentiated Caco-2 cells after induction. The red arrow points to the band excised and subjected to mass spectrometry analysis; n = 3. (D) Sequences of the 30 unique peptides corresponding to ApoB as a result of mass spectrometry analysis. (E) ApoB and apoE secretion was measured by Western blotting probing supernatants collected after 5 h of induction with FCS-free medium with oleic acid. Intensities of signal in the supernatant were recorded by densitometry. Sec31 was used as a lysis control; n = 6. (F and G) Secreted ApoB and apoE levels were measured by densitometry quantification and normalized to parental cells; error bars: SEM. *, P < 0.05; **, P < 0.01; N.S, not statistically significant. (H) Total RNA was extracted from differentiated parental, TAN GO1-KO, or TALI-KO Caco-2 cells, and cDNA was produced by RT-PCR and amplified to assess expression of ApoB, MTP, or the housekeeping gene GAP DH; n = 3.
extracellularly and does not play a role in their assembly or secretion (Plump et al., 1992; Zhang et al., 1992) , was not affected in the TAN GO1 and TALI KO cells (Fig. 2 , E and G). To test whether the reduction in secretion of ApoB in the absence of TAN GO1 or TALI was caused by down-regulation of the mRNA levels of ApoB or MTP, a chaperone that is necessary for the folding and assembly of ApoB-containing lipid particles at the ER, we extracted total RNA from differentiated parental, TAN GO1-KO, and TALI-KO Caco-2 cells and produced cDNA by RT-PCR. We did not detect any differences in the levels of mRNA of ApoB or MTP between the parental and KO cells (Fig. 2 H) . Altogether, these findings indicate that secretion of fully assembled chylomicrons is impaired in the absence of TAN GO1 or TALI.
Export from the ER of ApoB-containing lipid particles is impaired in cells deleted of TAN GO1 or TALI
We then assessed the intracellular fate of ApoB in TAN GO1-KO and TALI-KO cells. The differentiated Caco-2 cells were treated with oleic acid for 5 h, as before ( Fig. 2 B) , and then fixed and immunostained for ApoB and ER markers. Immunofluorescence microscopy revealed, to our surprise, no detectable accumulation of ApoB in the ER of TAN GO1-KO or TALI-KO cells. Because an autophagy-mediated pathway has been described previously as a means to degrade excessive intracellular ApoB (Brodsky and Fisher, 2008; Olofsson and Borén, 2012) , we tested whether this was the case upon KO of TAN GO1 or TALI. Indeed, absence of either TAN GO1 or TALI led to an intracellular accumulation of ApoB that significantly colocalized with LAMP1, in contrast with parental cells (Fig. 3 A) . Because LAMP1 is a lysosomal protein and also a marker of autolysosomes, derived from the fusion of an autophagosome and a lysosome (Korolchuk et al., 2011) , we next immunostained the cells for LC3, a marker of autophagosomes (Xie and Klionsky, 2007) . Indeed, ApoB accumulations in TAN GO1-KO or TALI-KO cells also significantly colocalized with LC3, unlike parental cells (Fig. 3 B) . Because TAN GO1 and TALI are transmembrane proteins at the ER, we hypothesized that the intracellular accumulation of ApoB in the KO cells started as an arrest at the ER that was followed by targeting into LAMP1-and LC3-positive compartments as a result of autophagy (Bernales et al., 2007; Khaminets et al., 2015) . Thus, inhibiting the formation of autophagosomes would lead to an arrest of ApoB in the ER in the KO cells, but not in parental cells. To test this, we treated differentiated Caco-2 cells with wortmannin, an inhibitor of phosphatidylinositol 3-kinase and thus autophagy (Blommaart et al., 1997) , in addition to oleic acid (Fig. 4 A) . We first tested whether wortmannin had an effect on the secretion of ApoB by Western blotting of the supernatants of parental, TAN GO1-KO, and TALI-KO Caco-2 cells with or without wortmannin treatment (method in Fig. 2 B compared with Fig. 4 A) . We did not detect significant differences in secreted ApoB as a result of wortmannin treatment (Fig. 4, B and C) . This rules out the possibility of an autophagy-mediated export of ApoB from the ER. Next, immunofluorescence microscopy confirmed that upon autophagy inhibition, TAN GO1-KO and TALI-KO cells showed a significant accumulation of ApoB that colocalized with the ER marker protein disulfide isomerase (PDI), in contrast to parental cells (Manders coefficient ∼0.62 for TAN GO1-KO and ∼0.80 for TALI-KO, compared with ∼0.30 in parental cells; Fig. 4, D and E) . In agreement with our data from the secretion assays (Fig. 2, E and G), we did not detect any intracellular accumulations of apoE by immunofluorescence microscopy (Fig. 4 F) . Because Caco-2 cells mainly assemble and secrete chylomicrons, but large VLDLs are also ApoB-containing lipid particles reported to leave the ER in vesicles bigger than COP II-coated vesicles (100-120 nm compared with 60-90 nm; Siddiqi, 2008) , we tested whether the absence of TAN GO1 or TALI also led to an intracellular accumulation of ApoB in HepG2 cells, a liver cell line commonly used to study VLDL assembly and secretion (Meex et al., 2011) . After generating HepG2 cell lines in which endogenous TAN GO1 and TALI were knocked out by the CRI SPR/Cas9 system (not depicted), we first let the HepG2 cells grow for 5-10 d, then subjected them to wortmannin treatment, to inhibit autophagy, and oleic acid, to induce VLDL secretion (Fig. 4 A) . Similar to what we observed in Caco-2 cells, immunofluorescence microscopy confirmed that upon autophagy inhibition, TAN GO1-KO and TALI-KO cells showed a significant accumulation of ApoB that colocalized with the ER marker PDI, in contrast to parental cells (Manders coefficient ∼0.68 for TAN GO1-KO and ∼0.72 for TALI-KO, compared with ∼0.42 in parental cells; Fig. 4 , G and H). In agreement with our observation in Caco-2 cells, without wortmannin treatment, the absence of TAN GO1 and TALI in HepG2 cells led to intracellular accumulations of ApoB in LC3-positive compartments (Fig. 3 C) . Altogether, these data indicate that the absence of TAN GO1 or TALI leads to an arrest of ApoB in the ER that is subjected to autophagy.
Knockout of TAN GO1, but not of TALI, blocks export of collagen XII from the ER
Because TAN GO1 is known for its role in exporting procollagens from the ER, we tested whether loss of TAN GO1 and TALI affected collagen secretion in differentiated Caco-2 cells in FCSfree medium with ascorbic acid for 20 h (Fig. 5 A) . Media and the cell lysates of cells deleted of TAN GO1 or TALI were analyzed by Western blotting. This approach revealed that KO of TAN GO1, but not of TALI, resulted in an accumulation of intracellular collagen XII and a considerable reduction in its secreted levels (Fig. 5 , B and C). To assess in which cellular compartment collagen XII was arrested in the absence of TAN GO1, we stained cells for collagen XII and the ER resident protein PDI. Immunofluorescence analysis showed that collagen XII was arrested at the ER only in the absence of TAN GO1, but not in parental cells or TALI-KO cells (Fig. 5 D) . These experiments show that although TAN GO1 and TALI cooperate to export pre-chylomicrons and pre-VLDLs from the ER, TALI does not participate in the TAN GO1-mediated export of procollagen XII from the ER.
TAN GO1 and TALI interact with each other and with ApoB at ER exit sites
TAN GO1 has been shown to colocalize and interact with cTAGE5 at ER exit sites (Saito et al., 2011) . To test whether TALI also colocalized with TAN GO1, we generated a construct in which an EGFP tag was cloned at the C terminus of TALI and used lentivirus to express the TALI-EGFP fusion protein in Caco-2 cells or transfected it in HepG2 cells. To visualize the intracellular localization of TALI, fixed cells were immunostained for EGFP and TAN GO1. Immunofluorescence microscopy revealed that TALI-EGFP colocalized with TAN GO1 at ER exit sites in both cell lines (Fig. 6 A) , similarly to that reported previously in mouse cells (Pitman et al., 2011) . We then tested whether they interacted with each other. HepG2 cells induced with oleic acid for 5 h for VLDL assembly and secretion were lysed, and the cell lysates were immunoprecipitated with anti-TAN GO1 or anti-MIA2 antibody. Western blots of the precipitates revealed that TAN GO1 and TALI coimmunoprecipitated (Fig. 6 B) , indicating they interact with each other at ER exit sites. Because TAN GO1 and TALI localize at ER exit sites and the abrogation of either of them by CRI SPR prevents export of ApoB-containing lipid particles from the ER and their subsequent secretion (Figs. 2, 3 , and 4), we hypothesized that they also formed a complex with ApoB at ER exit sites. To test this, we used differentiated Caco-2 cells, induced with oleic acid as before (Fig. 2 B) , and immunostained for TAN GO1 and TALI, using an anti-cTAGE5 antibody for the latter. By immunofluorescence microscopy, we observed that ApoB frequently colocalized with TAN GO1 and cTAGE5 at ER exit sites (Fig. 6 C) . To test whether they also physically interact with ApoB, HepG2 cells induced with oleic acid for 5 h were lysed, and the cell lysates were immunoprecipitated with anti-TAN GO1, anti-cTAGE5, or anti-MIA2 antibody. Western blots of the precipitates against ApoB revealed that all antibodies coimmunoprecipitated ApoB (Fig. 6 D) . Importantly, this was the case for both MIA2 and cTAGE5 antibodies (which recognize the lumenal and cytoplasmic sides of TALI, respectively), strongly indicating that, besides TAN GO1, the full-length protein TALI physically interacts with ApoB. Altogether, these data strongly indicate that TAN GO1 and TALI are in a complex that also contains ApoB.
TAN GO1 and TALI cooperate to recruit ApoB-containing lipid particles to ER exit sites
Previous studies have shown that lipidated bulky ApoBcontaining lipid particles in the lumen of the ER accumulate in a crescent shape around lipid droplets as they are targeted to the proteasome. This is thought to down-regulate secretion of ApoB-containing lipid particles when they are produced excessively (Ohsaki et al., 2006 (Ohsaki et al., , 2008 . Interestingly, the same authors showed that these crescent-shaped accumulations of ApoB around lipid droplets also occur when export from the ER is inhibited by Brefeldin A (BFA; Ohsaki et al., 2013) . We then tested whether the ApoB crescents induced upon BFA treatment colocalized with the ER exit marker Sec31. Differentiated parental Caco-2 cells were incubated with oleic acid and BFA for 5 h (Fig. 7 A) . Immunofluorescence microscopy analysis revealed colocalization of the ApoB crescents with Sec31 around lipid droplets, marked with boron-dipyrromethene (BOD IPY). This strongly indicates that the BFA treatment arrests fully assembled ApoB-containing particles in the vicinity of ER exit sites (Fig. 7 B, top) . Following the same procedure, we also tested the presence of TAN GO1 near these ApoB crescents. By immunofluorescence microscopy, staining for TAN GO1 was visualized at the ApoB crescents around lipid droplets, which further implies its role in the export of ApoB from the ER and confirms that the crescent-shaped ApoB structures result from an arrest at ER exit sites upon BFA treatment (Fig. 7 B , middle). We have shown previously that the TEER domain of TAN GO1 recruits ERG IC-53-containing membranes to sites of procollagen export from the ER. We have postulated that these ERG IC membranes are necessary for the growth of a mega carrier to accommodate bulky procollagens (Santos et al., 2015) . Interestingly, a previous study showed that pre-chylomicroncontaining vesicles exiting the ER contain ERG IC-53 (Siddiqi et al., 2003) . In agreement, upon fixation and immunostaining the cells for ERG IC-53, we also observed colocalization of ERG IC-53 and the ApoB crescents (Fig. 7 B, bottom) , suggesting that ERG IC-53-containing membranes recruited by TAN GO1 are also required for the growth of a mega carrier for export of bulky ApoB-containing particles from the ER. Next we tested the effect of BFA treatment in the formation of ApoB crescents in the TAN GO1-KO and TALI-KO cells. As before, differentiated Caco-2 cells, with or without wortmannin treatment to inhibit autophagy, were incubated with oleic acid and BFA for 5 h (Fig. 7, A and C) . We fixed and immunostained the cells to visualize ApoB, Sec31, and lipid droplets. This approach revealed significant colocalization of ApoB with Sec31 in the parental cells, but not in TAN GO1-KO or TALI-KO cells (Manders coefficient ∼0.13-0.18 for TAN GO1-KO and TALI-KO, compared with ∼0.43-0.45 for parental cells; Fig. 7 , D and E). We also observed a >10-fold increase in the frequency of ApoB crescents in parental cells, but there was no significant increase in ApoB crescents in either TAN GO1-KO or TALI-KO cells upon treatment with BFA, with or without wortmannin (Fig. 7 F) , which suggests that both TAN GO1 and TALI are required to recruit ApoB-containing particles to ER exit sites, indicating that they work as receptors for these bulky cargoes.
Discussion
The process of export of bulky secretory cargoes from the ER COP II-coated vesicles of 60-to 90-nm diameter export secretory cargoes from the ER but are too small for bulky cargoes such as procollagens or pre-chylomicrons. Collagens are the most abundant of the secretory proteins, as they constitute ∼25% of our dry body weight and are essential for tissue organization and function. ApoB-containing chylomicrons and VLDLs are essential for the homeostasis of circulating triglycerides and cholesterol. So, how are these bulky cargoes exported from the ER and then across the secretory pathway? To address this issue, we need to address three key points: (a) a mechanism to collect cargo in the ER lumen and connect it to the cytoplasmic COP II machinery; (b) a mechanism to increase the membranes needed to encapsulate the bulky cargoes; and (c) a mechanism to increase the size of the COP II coats. TAN GO1 appears pivotal in controlling these three processes: TAN GO1 at the ER exit sites interacts with procollagens in the lumen and engages with COP II machinery via its cytoplasmic proline-rich domain, and its TEER domain recruits ERG IC membranes, which is necessary for procollagen export (Saito et al., 2009; Santos et al., 2015) . This indicates a potential mechanism for accretion of membranes needed to generate a mega-export carrier. The large amounts of COP II coats necessary for the events that ultimately pinch off procollagencontaining domains formed from the fusion of ERG IC membranes to the ER is likely to be accomplished by the functions of cTAGE5. TAN GO1 binds cTAGE5, and cTAGE5 recruits Sec12, which in turn brings Sec23/sec24 to the ER exit site. This increases the pool of the inner-coat proteins Sec23/Sec24 (Saito et al., 2014) . On the other hand, KLHL12 is reported to ubiquitinate Sec31 and is suggested to increase the size of the outer layer of COP II coats (Jin et al., 2012) . Undoubtedly, the mechanism of procollagen export from the ER is likely more complicated, but identification of these players provides a means to dissect this process of fundamental importance . Our new data in Caco-2 cells reveal that TAN GO1 is required for the export of procollagen XII from the ER (Fig. 5) . This, in addition to the published data on the role of TAN GO1 in the secretion of many other collagens in mice (Wilson et al., 2011) , suggests that TAN GO1 has a more general role in the export of procollagens from the ER, and thus not a restricted role in procollagen VII export, as we had previously stated (Nogueira et al., 2014) .
TALI and TAN GO1 are required for the export of ApoB-containing lipid particles from the ER
Upon differentiation into enterocytes, Caco-2 cells secrete chylomicrons and the hepatocyte cell line HepG2 secretes VLDLs, in a TAN GO1-and TALI-dependent manner (Figs. 2, 3, and 4) . Interestingly, unlike TAN GO1, deletion of TALI had no obvious effect on collagen XII secretion (Fig. 5) . A straightforward finding would have been that TAN GO1 is involved in the export of procollagens and TALI takes charge of the export of bulky lipid particles. However, our data show that deletion of TAN GO1 affected secretion of ApoB by 44% compared with parental cells. Knockout of TALI, on the other hand, reduced ApoB secretion by 82% (Fig. 2, E and F) . This suggests that both TAN GO1 and TALI play a role in the export of bulky chylomicrons from the Figure 7 . TAN GO1 and TALI are both required for recruitment of ApoB to ER exit sites. (A) Scheme depicting the methodology used to differentiate and induce chylomicron secretion in Caco-2 while inhibiting ER export with BFA. (B) Differentiated Caco-2 cells, induced for secretion of chylomicrons and treated with BFA, were fixed with methanol and immunostained for ApoB (red) and Sec31, TAN GO1, or ERG IC-53 (green). Boron-dipyrromethene (BOD IPY) was used to visualize lipid droplets (blue). DAPI is shown in gray. Bars, 5 µm. (C) Scheme depicting the methodology used to differentiate and induce chylomicron secretion in Caco-2 while inhibiting autophagy and inhibiting ER export with BFA. (D) Differentiated parental, TAN GO1-KO, or TALI-KO Caco-2 cells, induced for secretion of chylomicrons and treated with BFA or with wortmannin and BFA, were fixed with methanol and immunostained for ApoB (red) and Sec31 (green). BOD IPY was used to visualize lipid droplets (blue). DAPI is shown in gray. Bars, 5 µm. (E) Colocalization quantifications were calculated by Manders correlation coefficient by measuring the overlap between the green and the red channels. Error bars: SEM; ***, P < 0.001; ≥100 cells per experiment; n = 3. (F) The number of ApoB crescents was counted by immunofluorescence microscopy, and counts were divided by the total number of cells per field of view. Error bars: SEM; ***, P < 0.001; N.S, not statistically significant; ≥100 cells per experiment; n = 3.
ER. But why is the effect of TALI KO so severe on chylomicron export compared with the KO of TAN GO1? One possibility is that an adaptor protein necessary for the export of chylomicrons has a weak affinity for TALI, which is potentiated by binding to TAN GO1. In cells lacking TAN GO1, this presumed adaptor can still interact with TALI, albeit weakly, which affects the overall efficiency of chylomicron export. Both TAN GO1 and TALI interact with each other and with ApoB, and BFA treatment blocks export of cargoes from the ER at exit sites (Figs. 6 and 7, A and B). Interestingly, in the absence of TAN GO1 or TALI, ApoB did not accumulate at ER exit sites upon treatment with BFA, indicating that without either TAN GO1 or TALI, ApoB-containing bulky lipid particles do not reach the ER sites for export (Fig. 7, D-F) . These data suggest that TAN GO1 and TALI might form a receptor complex for bulky pre-chylomicrons and pre-VLDLs at ER exit sites. Altogether, our data indicate that TAN GO1 and TALI both participate in the binding and concentration of ApoB-containing lipid particles for their subsequent export from the ER.
We have found that knockout of TAN GO1 and TALI resulted in intracellular accumulation of ApoB that colocalized with autolysosomes, because they were positive for LAMP1, a lysosomal marker, and LC3, an autophagosomal marker (Fig. 3) . This indicates the existence of a mechanism to ensure intracellular homeostasis of these lipoprotein particles. A defect in their export probably triggers a signal for clearance by autophagy of the ER domains where these lipid particles accumulate. We expect that the same applies to other bulky cargoes, such as collagens, when they accumulate in the ER. The balance between synthesis of abundant and bulky cargoes and the decision for their export or degradation is an additional interesting challenge.
Dissecting the mechanism for the export of bulky pre-chylomicrons and pre-VLDLs from the ER We have shown that without the SH3-like domain, TAN GO1 is incapable of binding to procollagen VII (Saito et al., 2009) . Interestingly, it has been shown that mice expressing TALI carrying a mutation in its SH3-like domain exhibited lower levels of cholesterol and triglycerides in the blood (Pitman et al., 2011) . This observation suggests that the SH3-like domain of TALI is involved in the capture of pre-chylomicrons and pre-VLDLs in the lumen of the ER. But there is no obvious sequence or structural similarity between collagens and ApoB. How can the SH3-like domains of TAN GO1 and TALI interact with such diverse cargoes? One possibility is that the SH3-like domain binds a common linker or chaperone for these two distinct classes of cargoes and that the specificity is provided by the other parts of lumenal TAN GO1 or TALI. TAN GO1 contains a coiled-coil domain in addition to the SH3-like domain in the lumen of the ER. TALI lacks this coiled-coil domain. This difference might affect the ability to control their interaction with specific clients in the ER lumen. Identification of the binding partners of TAN GO1 and TALI in the ER will help in understanding the functional significance of their individual domains in the overall process by which specific cargoes are collected and concentrated for subsequent export. But overall, why cells use both TAN GO1 and TALI for the export of bulky lipid particles remains an interesting challenge. Could this be caused by the difference in the shape of the cargoes: a spherical lipid particle versus a long rod-like collagen trimer? All these suggestions are difficult to test experimentally at present but provide working hypotheses for future investigations into the mechanism by which cargoes are selected and exported by these cargo receptors at the ER.
Based on our findings, we suggest that TAN GO1 and TALI work together to collect ApoB-containing lipid particles in the lumen of the ER. TAN GO1 is known to bind cTAGE5, and because the cytoplasmic domain of TALI is in fact cTAGE5, it is not a surprise that TALI coimmunoprecipitates with TAN GO1 (Fig. 6 B) . So, we propose that cTAGE5/TALI recruits Sec12 and subsequently Sec23/Sec24 to the ER exit site and, in contrast, the TEER domain of TAN GO1 recruits ERG IC membranes to the ER exit site enriched in ApoB-containing lipid particles (Fig. 8) . In other words, the overall mechanism to generate an export carrier for pre-chylomicrons and pre-VLDLs by TALI and TAN GO1 is the same as that used for the generation of procollagen-containing export carriers by TAN GO1 alone. Figure 8 . Model for the export of pre-chylomicrons/VLDLs from the ER. TAN GO1 and TALI interact with ApoB directly or through an adaptor protein in the lumen of the ER to bring pre-chylomicrons/VLDLs to ER exit sites. On the cytoplasmic side, the TEER domain of TAN GO1 recruits ERG IC membranes that fuse to the ER exit site that is now enriched in pre-chylomicrons/VLDLs. Binding of the proline-rich domain (PRD) of TAN GO1 and TALI on the cytoplasmic side to Sec23/24 prevents Sec13/31 recruitment, allowing continuous fusion of ERG IC membranes that result in the growth of a mega-bud that is packed with pre-chylomicrons/VLDLs. Fission is triggered, and a mega carrier, big enough to accommodate bulky pre-chylomicrons/VLDLs, is released from the ER.
In conclusion, our data suggest that TAN GO1 and TALI are the receptors in the ER for export of bulky pre-chylomicrons and pre-VLDLs. They therefore emerge as key players in the overall process by which cells export bulky cargoes from the ER. We show here that a defect in capture of these lipoproteins and their subsequent export from the ER leads to defective secretion. In a physiological context, such a defect would lead to dramatic changes in the levels of circulating cholesterol and triglycerides in the blood.
Materials and methods
RT-PCR and DNA constructs
To determine the sequence of the fusion of MIA2/cTAGE5 gene products (TALI), lysed Caco-2 cells and their total RNA were extracted with the RNeasy extraction kit (Qiagen). cDNA was synthesized by RT-PCR with Superscript III (Invitrogen). Primers for the N terminus of MIA2 and the C terminus of cTAGE5 were used. We then amplified the same fragment to clone it into the lentiviral vector PLJM1 with an EGFP tag on the C terminus. pLJM1-EGFP was a gift from D. Sabatini, Whitehead Institute, Cambridge, MA, (plasmid 19319; Addgene). To determine the differential expression patterns of TAN GO1, TALI, and ApoB in the different human tissues, we used the Human MTC panel I and II (Clontech Laboratories) of first-strand cDNAs for amplification. To measure the expression of ApoB and MTP, differentiated Caco-2 cells were lysed, total RNA was extracted, and cDNA was synthesized as described earlier. Real-time PCR was performed with Light Cycler 480 SYBR Green I Master (Roche) according to the manufacturer's instructions. SnapGene software (GSL Biotech) was used for molecular cloning design.
Cell culture
Caco-2 and HepG2 cells were grown at 37°C with 5% CO 2 in complete DMEM with 20% and 10% FBS, respectively. For lentiviral infection of TALI-EGFP into Caco-2 cells, lentiviral particles were produced by cotransfecting HEK293 cells with a third-generation packaging vector pool and pJLM1-TALI-EGFP using . 72 h after transfection, the viral supernatant was harvested, filtered, and directly added to Caco-2 cells. In HepG2 cells, TALI-EGFP was transfected with Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer's protocols.
Generation of TAN GO1 and TALI KO cell lines by CRI SPR
To generate Caco-2 and HepG2 cell lines in which TAN GO1 or TALI expression was abolished, we performed genome editing with the CRI SPR/Cas9 system. We obtained a pool of three plasmids each containing a 20-nt gRNA sequence designed to target double-strand breaks in the TAN GO1 or TALI coding sequences (in both cases corresponding to the sequence encoding for the lumenal portion of the protein) and the pSpCas9 ribonuclease (sc-403994 and sc-418205; Santa Cruz Biotechnology, Inc.). In addition, plasmids contained an EGFP coding sequence or a puromycin resistance sequence to allow for positive selection of transfected cells. Both Caco-2 and HepG2 cells were transfected with 1 µg of pooled plasmid using Lipofectamine 3000 transfection (Life Technologies). For Caco-2 cells, 96 h after transfection, EGFP-positive cells were isolated by FACS, and single cells were collected in 96-well plates. For HepG2 cells, 72 h after transfection, puromycin was added to the cells at a concentration of 1 µg/ml, and selection occurred for 10 d. After expansion to six-well format, Caco-2 and HepG2 cells were collected and protein lysates were prepared to assess TAN GO1 or TALI presence by Western blotting.
Lipid particle-secretion assays
Caco-2 cells were grown for 21 d to differentiate, with changes to fresh medium every 3 d. HepG2 cells were grown for 5-10 d with changes to fresh medium every 3 d. To induce chylomicron/VLDL secretion, FCSfree medium with oleic acid (1.5 mM; Sigma-Aldrich) solubilized in fatty acid-free BSA (Sigma-Aldrich) was added to the cells for 5 h. For the autophagy-inhibition experiments, wortmannin (Calbiochem) was added at a concentration of 1 µM for 16 h and then increased to 2 µM during the 5-h induction period. To block ER export, BFA (SigmaAldrich) was added to the cells at a concentration of 10 µg/ml during the 5-h period of induction. After this, cells were either processed for immunofluorescence microscopy or the media were centrifuged at low speed to remove any cells or cellular debris. For TCA precipitation, 1/100 of 2% deoxycholate was mixed with the medium and left for 30 min at 4°C, then 1/10 of TCA was mixed and left overnight at 4°C. The mix was centrifugated for 15 min at 4°C at 14,000 rpm, and the pellets were recovered with Laemmli SDS sample buffer. For cell lysis, the cells were washed with PBS, lysed, and centrifuged at 14,000 rpm for 15 min at 4°C. The supernatants were boiled for 5 min with Laemmli SDS sample buffer. Media and cell lysate were subjected to SDS-PAGE (6% or 10% acrylamide) and Western blotting with the relevant antibodies. ImageJ (National Institutes of Health) was used for densitometric quantification of Western blots.
Silver staining
A 6% SDS-PAGE acrylamide gel was fixed for 1 h with 50% methanol and 10% acetic acid at RT. After washes with water, sodium thiosulfate (0.05 g/l) was added to the gel for 90 s. After washing, silver nitrate (0.002 g/ml) was added for 25 min. The gel was washed and developed with 0.03 g/ml sodium carbonate in 2% sodium thiosulfate/0.02% formaldehyde. After washing and removing the developing solution, a solution of 6% acetic acid was added for 10 min and then replaced by water.
Mass spectrometry
Peptides were removed from silver-stained gel bands with iodoacetamide precipitation. After digestion with trypsin, peptides were acidified and desalted before LC-MS/MS analysis. 45% of each sample was analyzed using a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific) coupled to an EasyLC (Thermo Fisher Scientific). All data were acquired with Xcalibur software. Proteome Discoverer software suite (Thermo Fisher Scientific) and the Mascot search engine (Matrix Science) were used for peptide identification and quantification. The data were searched against the human SwissProt database. Resulting data files were filtered for ion score 20.
Collagen-secretion assays
The medium of differentiated Caco-2 cells was replaced with a FCSfree fresh medium containing 1 mM ascorbic acid for 20 h to allow for collagen secretion. The media were centrifuged at low speed to remove any cells or cellular debris, and the supernatant was boiled for 5 min with Laemmli SDS sample buffer. For cell lysis, the cells were washed with PBS, lysed, and centrifuged at 14,000 rpm for 15 min at 4°C. The supernatants were boiled for 5 min with Laemmli SDS sample buffer. Media and cell lysate were subjected to SDS-PAGE (6% acrylamide) and Western blotting with collagen XII and α-tubulin antibodies.
Immunofluorescence microscopy
Cells grown on coverslips were fixed with cold methanol for 10 min at −20°C and incubated with blocking reagent (Roche) for 30 min at RT. Primary antibodies were diluted in blocking reagent and incubated overnight at 4°C. Secondary antibodies conjugated with Alexa Fluor 488, 555, 594, or 647 (Invitrogen) were diluted in blocking reagent and incubated for 1 h at RT. Images were taken with a TCS SPE or TCS SP5 confocal microscope (Leica) with a 63× objective. Two-channel colocalization analysis was performed using ImageJ, and the Manders correlation coefficient was calculated using the plugin JaCop (Bolte and Cordelières, 2006) .
Coimmunoprecipitation
HepG2 cells induced with oleic acid-BSA for 5 h (see earlier) were lysed with Hepes-CHA PS lysis buffer (2% CHA PS in 50 mM Hepes and 200 mM NaCl, pH 7.5; Roche) containing a mixture of protease inhibitors (Roche) for 30 min on ice. The lysates were incubated for 16 h with rotation at 4°C without antibody or with anti-TAN GO1, anticTAGE5, or anti-MIA2 antibodies. Protein A-Sepharose beads (GE Healthcare) were added to the cell lysates and incubated with rotation for 3 h at 4°C. Immunoprecipitates were washed four times with wash buffer (0.5% CHA PS in Hepes buffer), resuspended in TE buffer (10 mM Tris-HCl, pH 6.8, and 1 mM EDTA), and heated to 95°C for 5 min. Laemmli SDS sample buffer was added, and the samples were heated for another 5 min at 95°C. The samples were subjected to SDS-PAGE (6%) and Western blotting with the indicated antibodies.
Antibodies
Antibodies used in Western blotting and immunofluorescence microscopy were as follows: EGFP (Roche); TAN GO1 and α-tubulin (Sigma-Aldrich); cTAGE5 (Atlas Antibodies); apolipoprotein B (Tebubio); apolipoprotein E, GRP78/BIP, PDI, and LAMP1 (Abcam); Sec31A (BD); calreticulin (Novus Biologicals); and LC3, ERG IC-53, and collagen XII (Santa Cruz). For the coimmunoprecipitation experiments, besides the anti-TAN GO1 and anti-cTAGE5 antibodies, an anti-MIA2 antibody (Antigenix America) was used.
Statistical analysis
Results shown are mean ± SEM. Statistical testing was performed using Student's t test (continuous data, two groups) always before normalization was performed. For immunofluorescence microscopy analysis, the number of cells was always greater than 100. The number of experiments was more than three for each quantification.
